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Several natural compounds deriving from plants are known to be efficient anti-amyloid aggregation agents. In this study, anti-aggregation activity of grapefruit 
seed extract was investigated using trypsin as a model protein in aqueous ethanol at pH 7.0. Using turbidity measurement, Congo red (CR) binding assay, 
electronic circular dichroism (ECD) and transmission electron microscopy (TEM), we found that grapefruit seed extract has ability to inhibit trypsin amyloid-
like fibril formation in vitro, and effectiveness increases with growing concentration of grapefruit seed extract. The total phenolic content of it was determined. 
The results showed that in addition to the polyphenolic compounds some other compounds are also responsible for the fibril formation inhibitory effect. We 
indicated it for the first time that limonin has anti-fibrillation effect. 
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Proteins involved in conformational diseases contain great amounts 
of "intrinsic disorder" [1]. Growing interest and researches have 
been focused on finding potential fibrillation inhibitors as fibrillary 
protein aggregates are regarded to be closely associated with many 
diseases such as diabetes, Alzheimer's and Parkinson's disease [2,3]. 
Several natural compounds deriving from plants are known to be 
efficient anti-amyloid aggregation agents. There are many natural 
compounds that can bind to various amyloid species directly 
including oligomers and fibrils. These, in turn, can lead to 
conformational change in the β-sheet assembly to form nontoxic 
aggregates [4,5]. Grapefruit seed extracts are used in cosmetics, 
food supplements, and pesticides because they have antimicrobial 
properties [6]. It was demonstrated, that grapefruit seed extract 
reduces the ethanol- and stress-induced gastric damage [7]. There 
are large quantities of polyphenolic compounds in it [8,9]. 
Bioflavonoids with bioactive properties are present in grapefruit 
seed extract e.g., hesperitin and naringenin [10]. Grapefruit seeds 
contain 17-beta-D-glucopyranosides of limonin, nomilin, 
obacunone, deacetylnomilin, nomilinic acid and deacetylnomilinic 
acid. The concentration of nomilin glucoside is the highest among 
glucosides. The major neutral limonoid aglycones commonly found 
in citrus, namely limonin, nomilin, deacetylnomilin, obacunone and 
ichangin are also present in the seeds. These are highly oxygenated 
triterpenoids. Limonin is the predominant aglycone [11,12]. 
Nomilin and obacunone are furan rings containing limonoids with 
anticancer effect. They possess antiviral, antibacterial and 
antimalarial activities [13]. Naringenin can also be a useful 
chemopreventive agent against neurodegenerative diseases such as 
Alzheimer's disease [14]. The amount of aggregated Aβ is reduced 
by resveratrol [15]. Aromaticity plays an important role as it breaks 
the hydrophobic interaction between A monomers. It is possible 
for aromatic compounds to interact with residues Phe19 and Phe20 
of A peptide via - stacking interactions [16]. Resveratrol 
effectively inhibits fibrillogenesis. It also destabilizes preformed 
fibrils of hen egg white lysozyme in a concentration-dependent 
manner [17,18]. The conversion of β-lactoglobulin from amyloid to 
amorphous aggregation is induced by resveratrol [19]. Flavanol and 
(−)-epicatechin are identified to be effective at reducing Aβ 
production [20]. The (−)-epicatechin interacts with β-lactoglobulin 
mainly via the residues, which are normally involved in β-sheet 
formation in the absence of (−)-epicatechin, thus (−)-epicatechin 
has the effect of both slowing down and reducing β-lactoglobulin 
fibril formation [21]. The aim of our study was to investigate the 
anti-fibrillation activity of grapefruit seed extract and that of 
limonin using phenylmethylsulfonyl trypsin (PMS-trypsin) as a 
model protein in 60% ethanol at pH 7.0. We also wanted to 
investigate whether there was some connection between the total 
phenolic content of the inhibitory agent and its anti-amyloidogenic 
efficacy. 
 
In these experiments trypsin was used as a model protein modified 
with phenylmethylsulfonyl fluoride (PMSF). Amyloid-like fibrils 
were prepared using PMS-trypsin as previously reported [22]. The 
measurement of solution turbidity is a procedure for the detection of 
protein aggregates [23]. The inhibitory effect of grapefruit seed 
extract on PMS-trypsin aggregation was determined at different 
concentrations using turbidity measurements in 60% ethanol at pH 
7.0. Grapefruit seed extract diluted 800 times reduced the 
absorption at 350 nm to 52.3% compared relative to the sample 
which contained no inhibitory  agent  after  24 h  of  incubation.  At  
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 Figure 1: Turbidity at 350 nm of PMS-trypsin in 60% ethanol in the absence and 
presence of different concentrations of grapefruit seed extract. Protein concentration: 
0.13 mg/mL. All data were presented as mean ± standard error of the mean (SEM) from 
three independent measurements. P values less than 0.001 are summarized with three 
asterisks. 
 
100-fold dilution grapefruit seed extract almost eliminated the 
formation of aggregates. Anti-aggregation effect of the grapefruit 
seed extract was dose dependent (Figure 1).  
 
The total phenolic content of the grapefruit seed extract was 
determined, and it was 495.5 mg GAE/l. Compared to other 
inhibitory agents the efficiency of inhibition of amyloid formation 
did not change proportionally with the total phenolic content in the 
presence of the grapefruit seed extract [24]. It is probable that 
polyphenolic compounds are not the only responsible factors for the 
fibril formation inhibitory effect, but also other compounds are 
involved. Grapefruit seed extract also contains limonoids [25], 
which have neuroprotective effects [26,27]. We determined the 
limonin concentration of the grapefruit seed extract, it was 16.8 
ng/mL. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: CR absorption difference spectra of PMS-trypsin in the absence (solid line) 
and presence of 34 nM (dashed line) and 340 nM limonin (dotted line) (A) and 
presence of grapefruit seed extract diluted 800 times (dashed line) and 100 times 
(dotted line) (B). 
 
Congo red (CR) is an amyloid marker, which is generally used for 
the detection of amyloid fibrils [28]. The peak point of the 
difference spectrum for the Congo red binding assay at 541 nm is 
characteristic of amyloid fibrils [29]. To determine the presence of 
amyloid-like fibrils in our samples and the anti-amyloidogenic 
efficiency  of  limonin  and  grapefruit  seed  extract  against   PMS- 
 Figure 3: Far-UV CD spectra of PMS-trypsin in the absence (dashed line, solid line) 
and presence (dotted-dashed line, dotted line) of grapefruit seed extract diluted 500 
times. The sample was set in the middle of the sample compartment (solid line, dotted 
line), or next to the detector (dashed line, dotted-dashed line). Protein concentration: 
0.15 mg/mL. 
 
trypsin amyloid-like fibrillation CR binding assay was used. As 
illustrated by Figure 2 the presence of amyloid-like fibrils was 
proved in the absence of any inhibitory agent, but limonin and 
grapefruit seed extract were able to exert inhibitory effects on 
fibrillation. The data suggest that limonin and grapefruit seed 
extract inhibit amyloid-like fibril formation of PMS-trypsin dose 
dependently. Our results indicated for the first time that limonin 
inhibits the fibril formation in a concentration dependent manner. 
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Figure 4: Transmission electron micrographs of PMS-trypsin samples in the absence 
(A) and presence (B) of grapefruit seed extract diluted 500 times in 60% ethanol at pH 
7.0. Protein concentration: 0.13 mg/mL. The scale bar represents 500 nm. 
 
We have shown successfully that the grapefruit seed extract inhibits 
the aggregation process of PMS-trypsin in 60% ethanol at pH 7.0. 
The inhibition of PMS-trypsin aggregation positively correlated 
with increased grapefruit seed extract concentration. Our results 
indicated for the first time that limonin effectively inhibited fibril 
formation. 
 
Changes in the PMS-trypsin secondary structure can be revealed 
using far-UV ECD measurements in 60% ethanol in the absence or 
presence of grapefruit seed extract diluted 500 times (Figure 3). We 
made these experiments in two various sample positions: in the 
middle of the sample compartment, or next to the detector. For real 
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solutions, the two experiments must give the same results. In the 
presence of diluted grapefruit seed extract light dispersion 
decreased. This can be explained by the fact that the aggregation 
speed has decreased, or the size of the aggregates formed has 
decreased with grapefruit seed extract. ECD spectra recorded in 
various sample positions suggest that grapefruit seed extract is an 
effective anti-amyloidogenic agent. 
 
Transmission electron microscopy was used to detect the 
morphological changes in the presence of grapefruit seed extract. 
TEM studies showed that there was no fibril formation in the 
presence of grapefruit seed extract diluted 500 times, indicating the 
inhibitory effect of grapefruit seed extract on the formation of 
amyloid-like fibrils by trypsin (Figure 4). The results showed that 
the grapefruit seed extract had significant inhibitory effect on 
amyloid-like fibril formation by trypsin. 
 
Experimental 
 
General experimental procedures: The absorbance of the samples 
was measured using a Cecil CE-5501 spectrophotometer. The CR 
absorption spectra (400–600 nm) were recorded with a UV–vis 
spectrophotometer (Hitachi U 2000). Electronic circular dichroism 
spectra were measured by Jasco J-815 Circular Dichroism 
Spectrometer. Electronmicrographs were taken on a JEOL JEM-
1011 transmission electron microscope (operating at 60 kV), using 
an Olympus Morada 11 megapixel camera and the iTEM software 
(Olympus). 
 
Materials: Trypsin (EC 3.4.21.4 from bovine pancreas) and 
limonin (from citrus seeds) were purchased from Sigma-Aldrich 
Company (Budapest, Hungary). Grapefruit seed extract was 
distributed by Bioextra Zrt. 3000 Hatvan, Lőrinci út 20-22. 
 
Turbidity measurements: Turbidity assay was performed as an 
indicator to suggest the formation of protein aggregates and fibrils 
[30,31]. The turbidities of PMS-trypsin samples incubated in 60% 
ethanol at pH 7.0 for 24 h at 24°C in the absence and presence of 
grapefruit seed extract at different concentrations were determined 
by monitoring the change in absorbance at 350 nm using a cuvette 
of 1 cm path length. The protein concentration was 0.13 mg/mL in 
these measurements. Respective blank corrections were done prior 
to all experiments. Significance was determined by a one-way 
analysis of variance (ANOVA). 
 
Determination of total phenolic content: The total phenolic content 
of grapefruit seed extract was colorimetrically determined 
according to Waterhouse using Folin-Ciocalteu reagent [32]. The 
absorbances of the solutions were measured at 765 nm. The total 
phenolic contents were calculated from the calibration curve, and 
the results were expressed as gallic acid equivalent in milligrams 
per litre of samples (mg GAE/l).  
 
Determination of limonin concentration using HPLC-MS: Liquid 
chromatographic separation was performed on a DionexUltimate 
3000 UHPLC system equipped with a membrane degasser, a binary 
pump, a standard autosampler, a thermostated column compartment 
and a variable wavelength detector. The components of the sample 
were separated on a Gemini-NX C18 (3 μm, 150 x 2 mm) column 
(Phenomenex) equipped with a Gemini-NX C18 guard column (5 
µm, 4 x 2 mm) thermostated at 25°C. Mobile phase A consisted of 
water containing 0.1% formic acid, while methanol containing 0.1 
% formic acid served as mobile phase B. The gradient elution was 
performed as follows: 0 min, 20% B; 1 min, 20% B; 12 min, 95% 
B; 17 min, 95% B; 18 min, 20% B; 25.0 min, 20% B. The flow rate 
was set to 0.2 mL/min. The injection volume was 5 µl. 
 
Mass analyses were performed on a Q Exactive Plus hybrid 
quadrupole-Orbitrap mass spectrometer. Ionization of analytes was 
performed using heated electrospray interface (HESI) in negative 
electrospray ionization. The temperature of ion transfer capillary, 
spray voltage, sheath gas flow rate, auxiliary gas flow rate were set 
to 350°C, 3.5 kV, 35 and 10, respectively. Detection of limonin was 
achieved in PRM mode monitoring the characteristic fragment ion 
(m/z 469.2>249.1) of the deprotonated molecule. The acquired data 
were processed using Xcalibur™ version 2.2.1 and Trace Finder 
version 3.3 (Thermo Fisher Scientific). 
 
Congo red binding assay: Congo red was dissolved in a 5 mM 
phosphate buffer (pH 7.0) containing 0.15 mM NaCl. The 
concentration of CR solution was determined using ɛM: 45,000 M−1 cm−1 at 498 nm [33]. 0.2 mL 1-day-old samples 
containing 60% ethanol were mixed with 0.8 mL CR solution 
before the experiments. Congo red and protein concentrations were 
6 M and 26 g/mL, respectively. The absorption spectra of the 
samples were recorded in a 1 cm path length quartz cuvette after 
incubating them for 15 min at 24 oC. We calculated the difference 
spectra in the presence and absence of grapefruit seed extract or in 
the presence of limonin at different concentrations by subtracting 
the spectra of CR and PMS-trypsin from the spectra of samples 
containing both PMS-trypsin and CR. 
 
Electronic circular dichroism: ECD spectra of PMS-trypsin in the 
presence or absence of 500-fold diluted grapefruit seed extract were 
measured at 0.15 mg/mL protein concentration in 60% ethanol at 
pH 7.0. The spectra were measured using a 0.01 cm quartz cell from 
185 to 260 nm at 24oC. Spectra presented here are accumulations of 
10 independent scans. The results of ECD measurements were 
plotted as ellipticity (millidegree) vs. wavelength (nm). 
 
Transmission electron microscopy: Grapefruit seed extract was 
filtered through 0.02 mm Whatman inorganic membrane filter 
before use. 10 L aliquots of the protein solutions were placed on 
carbon-coated 300-mesh nickel grids (Nisshin EM Co. Ltd. Tokyo) 
and stained with 2% (w/v) uranyl acetate.  
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